Abstract: D-amino acid oxidase (DAAO) and catalase (CAT) have been genetically modified by fusing them to an elastin-like polypeptide (ELP). ELP-DAAO and ELP-CAT have been separately immobilized on multi-walled carbon nanotubes (MWNTs). It has been found that the secondary structures of the enzymes have been preserved. ELP-DAAO catalyzed the oxidative deamination of D-alanine, and H 2 O 2 was evolved continuously. When the MWNT-supported enzymes were used together, the generated hydrogen peroxide of ELP-DAAO could be decomposed in situ. The catalytic efficiency of the two immobilized enzymes was more than five times greater than that of free ELP-DAAO when the ratio of immobilized ELP-CAT to immobilized ELP-DAAO was larger than 1:1.
Introduction
D-Amino acid oxidases (DAAOs) are flavoenzymes. They are technologically useful and have been studied as biocatalysts in industrial applications [1] [2] [3] [4] . DAAOs are the key enzymes in the process converting cephalosporin C to 7-aminocephalosporanic acid (7ADCA), which is the important intermediate for semisynthetic cephalosporin antibiotics [5] . It has been proposed that evolved H 2 O 2 is eliminated during the production of 7ADCA [6] . DAAOs can also be used to catalyze the production of α-keto acids from essential D-amino acids [7, 8] , resolution of racemic mixtures of amino acids [9] , and quantification of the D-amino acid content in biological fluids [10] [11] [12] [13] [14] [15] . Cooperating with other enzymes, DAAOs promote the catalysis processes [16, 17] . Under DAAOs catalysis, L-amino acids are obtained; they are key intermediates for the synthesis of pharmaceuticals [18] .
D-Amino acid oxidases catalyze the conversion of D-amino acids into α-keto acids, H 2 O 2 , and NH 3 . However, the accumulation of hydrogen peroxide can induce DAAO deterioration [19, 20] . Moreover, the evolved hydrogen peroxide exhibits a by-product inhibitory effect on the conversion of substrates. It is indicated that the presence of hydrogen peroxide can reduce the catalytic efficiency of DAAOs [21] . To remove hydrogen peroxide, DAAO catalysis has been used together with catalase and horseradish peroxidase [22] [23] [24] , and catalase was co-immobilized with DAAOs on a support [8, 9, 25, 26] .
In previous work, D-amino acids oxidase was genetically modified by fusing it to an elastin-like polypeptide (ELP) [27] . In this work, catalase (CAT) was fused to ELP through genetic engineering technology. ELP-DAAO and ELP-CAT have been immobilized on carbon nanotubes (CNTs) separately.
In previous work, D-amino acids oxidase was genetically modified by fusing it to an elastin-like polypeptide (ELP) [27] . In this work, catalase (CAT) was fused to ELP through genetic engineering technology. ELP-DAAO and ELP-CAT have been immobilized on carbon nanotubes (CNTs) separately. Elastin-like polypeptides undergo a sharp and reversible phase transition at a specific temperature [28] ; thus, ELP-DAAO and ELP-CAT were purified through phase transition, which has been demonstrated to be an efficient and simple way to purify the enzymes. Oxidized multi-walled carbon nanotubes (O-MWNTs) were used to immobilize ELP-DAAO and ELP-CAT. ELP-DAAO/OMWNTs and ELP-CAT/O-MWNTs sequentially catalyze the deamination of D-alanine and the decomposition of the evolved H2O2. In situ decomposing hydrogen peroxide can significantly reduce the deterioration of the enzymes and the inhibitory effect on the catalysis, facilitating the utilization of evolved molecular oxygen to re-oxidize the flavin adenine dinucleotide (FAD) factor of ELP-DAAO.
Results and Discussion

FTIR analysis
The FTIR spectra (the blue lines in Figure 1 ) are for the conjugates of ELP-DAAO/O-MWNTs and ELP-CAT/O-MWNTs. The bands at 1635, 1636, and 1638 cm −1 and 1546, 1541, and 1540 cm −1 are due to primary and secondary amines of the enzymes, respectively [29] . The bands at 3189, 3274, 3281, and 3290 cm −1 are ascribed to the hydroxyl groups of the enzymes. The FTIR spectra confirmed the immobilization of the enzymes on O-MWNTs. 
X-Ray Photoelectron Spectroscopy
X-Ray Photoelectron Spectroscopy (XPS) has been demonstrated to be a powerful tool for the surface analysis of enzyme-immobilized carbon nanotubes [30] . Figure 2 shows the XPS spectra of the enzyme/O-MWNTs. Compared to that of O-MWNTs, the spectra of ELP-DAAO/O-MWNTs and ELP-CAT/O-MWNTs show an increase in the intensity of oxygen. This is attributed to the oxygen from the ELP-DAAO and ELP-CAT. Moreover, the nitrogen from the enzymes appeared in the spectra after enzyme immobilization. 
Raman Spectra Analysis
Immobilization of the enzymes on O-MWNTs can be analyzed based on Raman spectra ( Figure  3 ). The G-band is in the 1500-1600 cm −1 region [31] , and the D-band is in the 1300-1400 cm 
Circular Dichroism Spectra Analysis
Circular Dichroism (CD) spectroscopy was used to analyze the influence of immobilization on the secondary structure of the enzymes. Figure 4 shows the CD spectra of ELP-DAAO, ELP-DAAO/O-MWNTs, ELP-CAT, and ELP-CAT/O-MWNTs. In the measurement of the CD spectra of the immobilized enzymes, the CD spectrum of O-MWNTs was recorded as a control. The blue lines are for the immobilized enzymes, and the black lines are for free enzymes. The blue lines are close to the black lines. Especially for the mean residue ellipticity at 222 nm, which reflects the change of α-helical content, the difference between the immobilized enzyme and the free enzyme is very small. It is indicated that the enzymes immobilized on O-MWNTs have retained the α-helical content of the free enzymes. Figure S1 shows the near-UV CD spectra for the change of the tertiary structure of ELP-DAAO after immobilization. The black line for ELP-DAAO and the blue line for the immobilized ELP-DAAO are close to each other, indicating that the immobilization had a small effect on the tertiary structure. 
Raman Spectra Analysis
Immobilization of the enzymes on O-MWNTs can be analyzed based on Raman spectra (Figure 3 ). The G-band is in the 1500-1600 cm´1 region [31] , and the D-band is in the 1300-1400 cm´1 region. 
Circular Dichroism Spectra Analysis
Circular Dichroism (CD) spectroscopy was used to analyze the influence of immobilization on the secondary structure of the enzymes. Figure 4 shows the CD spectra of ELP-DAAO, ELP-DAAO/O-MWNTs, ELP-CAT, and ELP-CAT/O-MWNTs. In the measurement of the CD spectra of the immobilized enzymes, the CD spectrum of O-MWNTs was recorded as a control. The blue lines are for the immobilized enzymes, and the black lines are for free enzymes. The blue lines are close to the black lines. Especially for the mean residue ellipticity at 222 nm, which reflects the change of α-helical content, the difference between the immobilized enzyme and the free enzyme is very small. It is indicated that the enzymes immobilized on O-MWNTs have retained the α-helical content of the free enzymes. Figure S1 shows the near-UV CD spectra for the change of the tertiary structure of ELP-DAAO after immobilization. The black line for ELP-DAAO and the blue line for the 
Combination of Covalent and Non-Covalent Enzyme Immobilization
The fusion protein ELP-DAAO has a hydrophobic ELP segment, while the DAAO segment is hydrophilic. In the immobilization of ELP-DAAO on MWNTs, ELP-DAAO was first covalently immobilized on MWNTs through amidation reactions between the -NH2 groups of DAAO segments and the carboxyl groups of oxidized MWNTs, as illustrated in Supplementary Scheme S1. Thus, close to the surface of MWNTs, the DAAO segments of ELP-DAAO contacted the surface of the MWNTs, and the ELP segments faced outward. The ELP segments are hydrophobic, and the self-assembly of the ELP segments led to further adsorption of ELP-DAAO on the MWNTs. So, the immobilization of ELP-DAAO included covalent attachment and non-covalent adsorption processes. The TEM image (Figure 5b) show that the immobilized ELP-DAAO exhibited aggregation as indicated by red arrows. It is implied that adsorption through the self-assembly of the ELP segments is a dominant process for the immobilization of ELP-DAAO. Most of the immobilized ELP-DAAO was immobilized through non-covalent interactions. The non-covalent interactions facilitated the preservation of the secondary structures of the immobilized ELP-DAAO. A similar immobilization process occurred for the immobilization of ELP-CAT. This is possibly the reason that the secondary structures of ELP-DAAO and ELP-CAT were preserved after immobilization, as indicated by Figure 4 . 
The fusion protein ELP-DAAO has a hydrophobic ELP segment, while the DAAO segment is hydrophilic. In the immobilization of ELP-DAAO on MWNTs, ELP-DAAO was first covalently immobilized on MWNTs through amidation reactions between the -NH 2 groups of DAAO segments and the carboxyl groups of oxidized MWNTs, as illustrated in Supplementary Scheme S1. Thus, close to the surface of MWNTs, the DAAO segments of ELP-DAAO contacted the surface of the MWNTs, and the ELP segments faced outward. The ELP segments are hydrophobic, and the self-assembly of the ELP segments led to further adsorption of ELP-DAAO on the MWNTs. So, the immobilization of ELP-DAAO included covalent attachment and non-covalent adsorption processes. The TEM image (Figure 5b) show that the immobilized ELP-DAAO exhibited aggregation as indicated by red arrows. It is implied that adsorption through the self-assembly of the ELP segments is a dominant process for the immobilization of ELP-DAAO. Most of the immobilized ELP-DAAO was immobilized through non-covalent interactions. The non-covalent interactions facilitated the preservation of the secondary structures of the immobilized ELP-DAAO. A similar immobilization process occurred for the immobilization of ELP-CAT. This is possibly the reason that the secondary structures of ELP-DAAO and ELP-CAT were preserved after immobilization, as indicated by Figure 4 . 
Enzymatic Catalysis
The immobilized enzymes ELP-DAAO/O-MWNTs and ELP-CAT/O-MWNTs have been utilized to catalyze the oxidative deamination of D-alanine. H2O2 was the by-product and was evolved continuously. When the MWNT-supported enzymes were used together, the generated hydrogen peroxide of ELP-DAAO were able to be decomposed by ELP-CAT. Thus, the inhibition and deterioration effects of the hydrogen peroxide were significantly reduced, and molecular evolved oxygen could be utilized to re-oxidize the FAD factor of ELP-DAAO, which was reduced during the catalysis. Oxidizing the FAD factor is essential to maintaining the activity of ELP-DAAO. Twoenzyme systems with different weight ratios of ELP-CAT/O-MWNTs to ELP-ELP/O-MWNTs were investigated. Figure 6 shows the results, in which the specific activity ratio is defined as the ratio of the specific activity of the immobilized enzymes to the specific activity of ELP-DAAO (0.21 U/mg) [27] . Obviously, a larger specific activity ratio means a higher specific activity. When only using the immobilized ELP-DAAO (ELP-DAAO/O-MWNTs), the specific activity is slightly larger than that of free ELP-DAAO. The two-immobilized-enzyme systems exhibited significantly larger activities than the system with only immobilized ELP-DAAO. When the weight ratios were larger than 1:1, the two-enzyme systems exhibited a specific activity more than five times that of free enzyme, demonstrating the contribution of ELP-CAT/O-MWNTs to the enhanced specific activity. The results also demonstrated that it is not necessary to use weight ratios larger than 1:1, as the difference in the activity for different ratios is not significant. 
The immobilized enzymes ELP-DAAO/O-MWNTs and ELP-CAT/O-MWNTs have been utilized to catalyze the oxidative deamination of D-alanine. H 2 O 2 was the by-product and was evolved continuously. When the MWNT-supported enzymes were used together, the generated hydrogen peroxide of ELP-DAAO were able to be decomposed by ELP-CAT. Thus, the inhibition and deterioration effects of the hydrogen peroxide were significantly reduced, and molecular evolved oxygen could be utilized to re-oxidize the FAD factor of ELP-DAAO, which was reduced during the catalysis. Oxidizing the FAD factor is essential to maintaining the activity of ELP-DAAO. Two-enzyme systems with different weight ratios of ELP-CAT/O-MWNTs to ELP-ELP/O-MWNTs were investigated. Figure 6 shows the results, in which the specific activity ratio is defined as the ratio of the specific activity of the immobilized enzymes to the specific activity of ELP-DAAO (0.21 U/mg) [27] . Obviously, a larger specific activity ratio means a higher specific activity. When only using the immobilized ELP-DAAO (ELP-DAAO/O-MWNTs), the specific activity is slightly larger than that of free ELP-DAAO. The two-immobilized-enzyme systems exhibited significantly larger activities than the system with only immobilized ELP-DAAO. When the weight ratios were larger than 1:1, the two-enzyme systems exhibited a specific activity more than five times that of free enzyme, demonstrating the contribution of ELP-CAT/O-MWNTs to the enhanced specific activity. The results also demonstrated that it is not necessary to use weight ratios larger than 1:1, as the difference in the activity for different ratios is not significant. The concentration of the immobilized ELP-DAAO was 0.3 mg/mL. For the weight ratios 1:0, 1:1, 1:2, 1:3, 1:4, and 1:5, the overall immobilized enzyme concentrations were 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 mg/mL, respectively. The specific activity ratio is the ratio of the specific activity of two immobilized enzymes to the specific activity of ELP-DAAO.
Experimental section
Materials
Multi-walled carbon nanotubes (MWNTs) were purchased from Nanotech Port Co., Ltd. (Shenzhen, China), with a purity higher than 98%. N-ethyl-N- (3-(dimethylamino) propyl) carbodiimide hydrochloride (EDC), (R,S)-1-Phenyl ethanol, 2-(N-morpholino) ethanesulfonic acid (MES), N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich Chemical Co., China. All other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) or Sigma-Aldrich (Shanghai, China) and used without additional purification processes. Elastin-like polypeptide (ELP), modified D-Amino acid oxidase, and catalase were expressed and purified as described in our previous work [27] . The expression vector pET28a/(VPGXG)60-CAT in Escherichia coli was constructed. Table S1 lists the gene sequence of ELP. Figure S2 shows the construct schematically. Figures S3 and S4 show the SDS-PAGE analysis for the purified ELP-DAAO and ELP-CAT.
Purification and Oxidation of MWNTs
MWNTs were purified and oxidized according to the description in [32] . MWNTs were purified through refluxing in HNO3 (2.6 M) for 12 h at 65 °C. By filtering through a 0.45 μm polycarbonate membrane, the MWNTs suspension was rinsed with distilled water. MWNTs were dried at 70 °C under vacuum. The dried MWNTs were added to a solution of H2SO4:HNO3 (3:1) and incubated for 3 hours. The oxidized MWNTs were rinsed with distilled water by filtering through a 0.45 μm polycarbonate membrane. The oxidized MWNTs was dried at 70 °C under vacuum.
Enzyme Immobilization
The immobilization of ELP-DAAO on O-MWNTs was carried out as described in previous work [33] . 100 mg of O-MWNTs was dispersed in 100 mL of MES buffer (pH 6.2, 50 mM). The mixture was then added to a solution of NHS in MES buffer and sonicated; after 10 min, EDC (10 mmol/L) was added. The mixture was shaken at 150 rpm for 1 h. Thus O-MWNTs were activated and were rinsed with MES buffer to remove excess EDC and NHS by filtering through a polycarbonate membrane. The obtained O-MWNTs were transferred to the ELP-DAAO solutions (4.5 mg/mL) and sonicated for half a minute to redisperse O-MWNTs. The mixtures were then shaken at 200 rpm at 4 °C for 10 h. The mixtures were centrifuged at 4 °C for 15 min at 6000 g. Six washes were carried out by adding The concentration of the immobilized ELP-DAAO was 0.3 mg/mL. For the weight ratios 1:0, 1:1, 1:2, 1:3, 1:4, and 1:5, the overall immobilized enzyme concentrations were 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 mg/mL, respectively. The specific activity ratio is the ratio of the specific activity of two immobilized enzymes to the specific activity of ELP-DAAO.
Experimental section
Materials
Multi-walled carbon nanotubes (MWNTs) were purchased from Nanotech Port Co., Ltd. (Shenzhen, China), with a purity higher than 98%.
N-ethyl-N-(3-(dimethylamino)propyl) carbodiimide hydrochloride (EDC), (R,S)-1-Phenyl ethanol, 2-(N-morpholino) ethanesulfonic acid (MES), N-hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich Chemical Co., China. All other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) or Sigma-Aldrich (Shanghai, China) and used without additional purification processes. Elastin-like polypeptide (ELP), modified D-Amino acid oxidase, and catalase were expressed and purified as described in our previous work [27] . The expression vector pET28a/(VPGXG) 60 -CAT in Escherichia coli was constructed. Table S1 lists the gene sequence of ELP. Figure S2 shows the construct schematically. Figures S3 and S4 show the SDS-PAGE analysis for the purified ELP-DAAO and ELP-CAT.
Purification and Oxidation of MWNTs
MWNTs were purified and oxidized according to the description in [32] . MWNTs were purified through refluxing in HNO 3 (2.6 M) for 12 h at 65˝C. By filtering through a 0.45 µm polycarbonate membrane, the MWNTs suspension was rinsed with distilled water. MWNTs were dried at 70˝C under vacuum. The dried MWNTs were added to a solution of H 2 SO4:HNO 3 (3:1) and incubated for 3 hours. The oxidized MWNTs were rinsed with distilled water by filtering through a 0.45 µm polycarbonate membrane. The oxidized MWNTs was dried at 70˝C under vacuum.
Enzyme Immobilization
The immobilization of ELP-DAAO on O-MWNTs was carried out as described in previous work [33] . 100 mg of O-MWNTs was dispersed in 100 mL of MES buffer (pH 6.2, 50 mM). The mixture was then added to a solution of NHS in MES buffer and sonicated; after 10 min, EDC (10 mmol/L) was added. The mixture was shaken at 150 rpm for 1 h. Thus O-MWNTs were activated and were rinsed with MES buffer to remove excess EDC and NHS by filtering through a polycarbonate membrane. The obtained O-MWNTs were transferred to the ELP-DAAO solutions (4.5 mg/mL) and sonicated for half a minute to redisperse O-MWNTs. The mixtures were then shaken at 200 rpm at 4˝C for Catalysts 2016, 6, 66 7 of 9 10 h. The mixtures were centrifuged at 4˝C for 15 min at 6000 g. Six washes were carried out by adding fresh buffer each time to remove unbound ELP-DAAO. Using the micro bicinchoninic acid (BCA) assay, the concentrations of ELP-DAAO in the solutions were determined, as described in our previous work [34] . By measuring the enzyme ELP-DAAO in the original ELP-DAAO solutions, supernatants, and washing solutions, the amount of ELP-DAAO immobilized on the O-MWNTs was determined. Triplicate measurements were performed. The amount of immobilized ELP-DAAO was finally determined to be 0.26˘0.01 mg ELP-DAAO/mg O-MWNTs. A similar approach has been used to immobilize ELP-CAT on O-MWNTs, and the amount of ELP-CAT immobilized was determined to be 0.31˘0.01 mg ELP-CAT/mg O-MWNTs
Measurement
Circular dichroism (CD) spectroscopy was used to monitor the change of the secondary structure of the enzymes after immobilization. CD spectra were measured on a JASCO J-810 CD instrument. The bandwidth was 0.5 nm and the scan speed was 50 nm/min. Cell length was 1 cm. The enzyme concentration was 47 µg/ml, and the measurements were performed at 25˝C. The CD spectrum of O-MWNTs was used as control. The spectra were averaged by repeating the scan five times.
XPS spectra were measured using an X-ray photoelectron spectrometer (Thermo VG ESCALAB250, Thermo Fisher Scientific, Shanghai, China). The measurement was carried out at a pressure of 2ˆ10´9 Pa. Mg Ka X-ray was used as the excitation source. Raman spectra were measured on a Renishaw InVia equipment. UV-vis spectra were measured on a Shimadzu spectrophotometer (UV2550-PC).
Infrared spectra were measured using a Fourier transform infrared (FTIR) spectrometer (Bruker TENSOR 27). A horizontal temperature-controlled attenuated total reflectance (ATR) with ZnSe Crystal was used. A liquid-nitrogen-cooled mercury-cadmium-telluride detector was used to collect 128 scans per spectrum; the resolution was 2 cm´1. The ATR element spectrum was used as the background. Ultrapure nitrogen gas was introduced to purge water vapor.
Enzyme Assay and Analyses
ELP-DAAO catalyzed the oxidative deamination of D-alanine, and H 2 O 2 was evolved continuously. The enzyme activity was assayed at 30˝C. PBS buffer (50 mM, pH 8.0) was used as the reaction media. Different ratios of immobilized ELP-CAT to immobilized ELP-DAAO were used for the enzymatic catalysis. The concentration of the immobilized ELP-DAAO was 0.3 mg/mL. The D-alanine concentrations were determined by HPLC (Shimadzu 15 LC-10A, Shimadzu, Shanghai, China) with a C18 column (Diamonsil C18 250ˆ4.6 mm, 5 µm). The mobile phase was PBS (0.05 M and pH 2.5)/methanol (95:5 by volume) at a flow rate of 0.8 mL/min, the injection was 20 µL.
Conclusions
Genetically-modified D-amino acid oxidase (ELP-DAAO) and catalase (ELP-CAT) have been separately immobilized on oxidized multi-walled carbon nanotubes (O-MWNTs). ELP-DAAO and ELP-CAT have the hydrophilic segments DAAO and CAT, respectively. The ELP segments are hydrophobic. The enzymes were first covalently attached to the surface of O-MWNTs through the reactions between the amino groups of the hydrophilic segments and the carboxyl groups of O-MWNTs. Subsequent immobilization of the enzymes was accomplished by adsorption induced by the self-assembly of the ELP segments. The secondary structures of the enzymes were preserved after immobilization. The two immobilized enzymes were used to catalyze the oxidative deamination of D-alanine. The generated hydrogen peroxide of DAAO can be decomposed by ELP-CAT. Thus, the inhibition and deterioration effects of the hydrogen peroxide were significantly reduced, and molecular evolved oxygen can be utilized to re-oxidize the FAD factor of ELP-DAAO, which was reduced during catalysis. Oxidizing the FAD factor is essential to maintaining the activity of ELP-DAAO. When the weight ratio of ELP-DAAO/O-MWNTs to ELP-CAT/O-MWNTs was larger than 1:1, the two-enzyme systems exhibited specific activities more than five times that of free enzyme ELP-DAAO, demonstrating the contribution of ELP-CAT/O-MWNTs to the enhanced specific activity.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/5/66/s1: Table S1 : Elastin-like polypeptide (ELP) monomer, Scheme S1: Schematic presentation for covalent immobilization of enzymes on carbon nanotubes (CNTs). EDC: N-ethyl-N-(3-(dimethylamino)propyl) carbodiimide hydrochloride; NHS: N-hydroxysuccinimide, Figure S1 : Near-UV circular dichroism (CD) spectra of ELP-DAAO (black) and immobilized ELP-DAAO (blue). The near-UV CD spectra were measured at 250-320 nm, with protein concentrations of 1 mg/mL. DAAO: D-Amino Acid Oxidase; O-MWNTs: Oxidized Multi-Walled Carbon Nanotubes, Figure S2 : Schematic presentation of constructed vector for ELP-CAT. CAT: Catalase, Figure S3 : Analysis of purified ELP-DAAO fusion protein by SDS-PAGE. Lane M: molecular mass marker (KDa); Lane 1 is for the supernatants from the third round of inverse transition cycling; Lane 2 is for total proteins, Figure S4 : Analysis of purified ELP-CAT fusion protein by SDS-PAGE. Lane M: molecular mass marker (KDa); Lane 1 is for the supernatants from the third round of inverse transition cycling.
